
 

Master Research Program in Climate Change and Energy 

Assessing Variability of Potential Variable Renewable Energy in 

Ghana: Impact on Management of Hydropower Reservoirs         

(Case of Akosombo Dam) 
 

Submitted by:  

Derrick Kwadwo Danso 

 
A thesis submitted in partial fulfilment of the requirements for the degree of 

Master of Science in Climate Change and Energy 

 

in the:  

Faculty of Sciences 

 

 

Supervisor: Dr. Arona Diedhiou 

Co-supervisors: Dr. Benoit Hingray and Dr. Baptiste François 

 

 

  
      

JANUARY, 2018 
 



1 
 

Thesis Defense Date: 4th January 2018 

 

 

Venue: WASCAL MRP-CCE Building, Niamey, Niger 

 

 

Jury Members: 

 Chairman: Professor Atanasse Coly 

(Université Cheikh Anta Diop, Dakar-Fann, Senegal) 

 Examiner: Professor Adamou Rabani 

(Université Abdou Moumouni, Niamey, Niger) 

 Supervisor: Dr. Arona Diedhiou 

(IRD, Université Félix Houphouët Boigny, Abidjan, Ivory Coast)



2 
 

Abstract 

Electricity production in Ghana is shifting towards more fossil-based production in recent periods 

and amidst the high rates of increasing electricity demand, additional production systems are still 

needed. However, to achieve the aims of the Paris Agreement, a great deal of decarbonization is 

required thus a climate-friendly option is to massively develop Variable Renewable Energy (VRE) 

such as solar and wind power. In this study, the variability of potential solar power production was 

estimated for selected locations homogeneously distributed over the country while that for 

potential wind power was assessed for only the coastal offshore region. At sub-daily scale, solar 

power was observed to have a very high variability with the coefficient of variation (CV) for the 

average sub-daily cycle computed to be 124% as compared to 14% for wind power. At daily time 

scale however, wind power was observed to have a higher variability with a seasonal coefficient 

of variation calculated to be 41% as compared to 13% for solar power. Due to the high variation 

of solar and wind energy in time, incorporating them in the power system requires the presence of 

a large flexibility system to cope with the temporal mismatch between production and demand that 

will be introduced. In this study, the Akosombo hydroelectric dam was used as a flexible power 

production facility to balance the temporal fluctuations of VRE production. Being used for this 

purpose, it was expected that higher share of VRE in the power system will lead to a change in the 

storage and release strategy of the Akosombo dam. Its storage variation was thus simulated with 

Deterministic Dynamic Programming for a reference case with no VRE production and a number 

future VRE production cases. It was found that in all scenarios tested, the seasonality of storage in 

the dam was not significantly affected by VRE production. However, relative to the reference 

scenario, a higher proportion of wind in VRE production leads to an increase in water level of the 

dam during its peak months at the end of the rainy season.  

 

Keywords: Variable Renewable Energy, Dynamic Programming, hydropower, storage cycle, 

residual demand, backup 
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1 INTRODUCTION 

1.1 Background of Study 

Ghana’s electricity system has been through various phases from pre-independence to post-

independence times. Prior to the construction of the 912 MW (increased to 1020 MW) capacity 

Akosombo dam, electricity supply was mainly from stand-alone diesel generators across the 

country. The Akosombo dam was constructed to primarily provide electricity to Volta Aluminium 

Company (VALCO). In 1982, a 160 MW capacity hydropower plant (HPP) at Kpong was 

commissioned to meet rising demands. A severe power crisis hit the country during 1982 to 1984 

as a result of a serious drought which led to a reduction of inflows to the Akosombo dam (Bekoe 

and Logah, 2013). Consumption during this period decreased from 4652 GWh to 1151 GWh 

(Eshun and Amoako-Tuffour 2016). A number of thermal power plants were commissioned as a 

result to help meet demands. In 2013, the Bui hydroelectric power station with an installed capacity 

of 400 MW was commissioned to provide support during peak hours in the country (Kumi 2017).  

The dependence of hydropower in Ghana is clear to see barring the periodic shortfalls in 

production primarily due to climate variability. The three major HPPs in Ghana will continue to 

be vital in the power system and there are possibilities to construct new dams or run-off river 

plants. However, electricity demand grows between 10 to 15 % annually in Ghana (Energy 

Commisision, 2015) due to population and economic growth. Total electricity demand in the last 

decade has increased greatly and keeps on increasing. The study of Eshun and Amoako-Tuffour, 

(2016) revealed that, growth in total electricity demand between 2003 and 2013 has more than 

doubled. As no new HPPs have been constructed since Bui, thermal power plants which are 

relatively easier and takes less time to construct are used to generate electricity to meet the rising 

demands. In the present (2017) state of Ghana’s power system, thermal power plants make up the 

greatest share of total national installed capacity with 62.5% compared to HPPs with 37%. 

The share of thermal power generation in power sector have been increasing steadily since 2008 

as shown in Fig 1.1. The main downside of these plants is that they run on fossil fuel and emit CO2 

into the atmosphere and enhance global warming. The concentrations of CO2 have increased by 

40% since pre-industrial times, primarily from fossil fuel emissions (IPCC 2013) with energy 
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production being a major culprit. With demand for electricity still on the rise, more of these plants 

may be put up in future leading an even more emissions. The Paris Agreement which was signed 

at the COP21 aims to keep the global temperature rise below 2°C above pre-industrial levels 

(UNFCCC 2014) and thus clean energy options are needed. Another downside for thermal power 

production in Ghana is that, the supply of fuel for thermal plants (gas) have not always been 

reliable due to several technical and administrative hitches. This sometimes leads to arbitrary 

blackouts in different parts of the country.  

 

Fig 1.1: Trend of electricity generation (GWh) by source (Data source: Energy Commission of 

Ghana) 

One climate – friendly option is to massively develop renewable energies such as wind and solar 

energies. Unlike thermal power production, electricity generated from wind and solar sources have 

relatively insignificant levels of greenhouse gas emission and are considered as clean energies. 

Renewable energy alone has the possibility to contribute to 21% of reductions in energy-related 

CO2 emissions by 2050 (International Energy Agency 2008). Renewable energy resources such as 

wind and solar are also freely available in nature but their exploitation in Ghana is rather minimal 
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currently. So far, only a 2.5 MW solar photovoltaic plant owned by the Volta River Authority 

(VRA) in Navrongo and a 20 MW solar plant owned by BXC Ghana have recently been added to 

the national grid to increase renewable energy production in the country (see Table 1.1). This 

represents only about 0.5 % of the national total installed capacity.   

Table 1.1: Electricity generating units in Ghana and their installed capacities (Source: VRA) 

Plant Name Installed Capacity (MW) Fuel Type 

HYDRO   

Akosombo Hydro Plant 1,020 Water 

Kpong Hydro Plant 160 Water 

Bui Hydro Plant 400 Water 

Sub-Total 1,580   

THERMAL   

TAPCO - T1 330 LCO/Gas 

TICO - T2 330 LCO/Gas 

Mines Reserve plant (MRP) 80 Gas 

Tema Thermal 1 Plant (TT1P) 110 Gas/LCO 

Tema Thermal 2 Plant (TT2P) 49.5 Gas 

Tema  Thermal 2 Plant Expansion (TT2PP-X) 38 Gas 

Kpone Thermal Power Plant (KTPP) 220 Gas/DFO 

Kar Power Barge 1 235 HFO 

Sunon Asogli Phase 1 200 Gas 

Sunon Asogli Phase 2 Stage 1 180 LCO/Gas 

Sunon Asogli Phase 2 Stage 2 180 Gas/LCO 

CENIT Power Plant 110 LCO 

Ameri Power Plant 250 Gas 

AKSA 360 HFO 

Sub-Total 2672.5   

RENEWABLES   

VRA Navrongo Solar Plant 2.5 Sunlight 

BXC Solar 20 Sunlight 

Sub-Total 22.5   

TOTAL INSTALLED CAPACITY 4,275   

Monthly average solar irradiation in Ghana ranges between 4.4 and 5.6 kWh/m2/day (IRENA, 

2015) and considering that many parts of the country receive 5 ̶8 hours of sunshine per day at 1 

kW/m2, the potential for using solar for electricity generation is very high (Gyamfi et al., 2015). 

As there is a huge potential for solar energy in the country, several international and local 

organizations have expressed interest in developing utility-scale solar PV plants. One of such 
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organizations is Blue Energy which has announced plans to build a 155 MW solar PV plant in the 

Western Region of Ghana (IRENA, 2015). 

Countries located further from the equator generally have relatively high wind energy potential 

than countries near the equator. In Ghana, average daily wind speeds range between 4 – 6 m/s and 

are rather low for large scale wind power investments (German Federal Ministry for Economic 

Affairs and Energy 2015). However, IRENA (2015) indicates that the theoretical wind power 

potential in Ghana is more than 5000 MW. This huge potential is mainly found on the eastern 

coastal region of the country (WWEA Technical Committee 2014) where average daily wind 

speeds for some locations ranges between 6.4 – 7.5 m/s (IRENA, 2015) as shown in Fig 1.2.  

 

Fig 1.2: Wind resource map for Ghana. (Source: World Wind Energy Association) 
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With such potential as shown in the studies described above, solar and wind power are thus capable 

of helping the country to meet its rising electricity needs whiles ensuring the sustainability of the 

environment. What most of these studies has failed to elaborate is the temporal variability of solar 

and wind resources. The lack of temporal variability assessment in resource potential studies in 

Ghana may be the reason why wind and solar power is absent or very minimal in the electricity 

generation mix. For any long term planning on renewable energy implementation, important 

questions investors will look to get answers to, includes especially the temporal variability of the 

resources. Understanding the sub-daily, day-to-day, seasonal and inter-annual variability of these 

renewable energy resources in Ghana, is thus very crucial for not only utility scale systems which 

are fed directly into the national grid but also to off-grid or mini scale systems that will be directly 

affected by the variability of these resources. Characterizing the temporal variability of wind and 

solar resource is therefore very necessary. 

The major global energy challenges are threefold; securing energy supply to meet growing 

demand, providing everybody with access to energy services and curbing energy’s contribution to 

climate change (Asumadu-Sarkodie and Owusu 2016). Development of a massive solar and wind 

energy systems can help address these challenges to a large extent. However, due to the 

intermittent nature of solar and wind energy, their integration in the power system creates some 

challenges. Solar and wind resources are both significantly variable in space and time (Engeland 

et al., 2017; François et al., 2016) and are referred to as Variable Renewable Energy (VRE). The 

uncertainty and high variability of wind and solar energy generation can pose challenges for the 

power system and especially for grid operators (Bird et al., 2013). A massive implementation of 

VRE will thus require increased flexibility from the power system to cope with the variability and 

uncertainty of the generation (Cochran et al. 2012). 

Both hydro and thermal generation systems may be used as flexibility facilities to balance the 

temporal mismatch between demand and production. Thermal systems possess two major 

challenges when being used as large flexibility facilities. Firstly, the problem of CO2 emissions as 

already stated. A greater amount of decarbonization is needed to be able to achieve the aims of the 

Paris Agreement and thus the percentage of thermal production in the power system should be 

minimized as possible. Secondly, conventional power plants are associated with high costs of 

maintenance and serious infrastructural degradation due to corrosion, thermal fatigue etc. when 
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the variability of their cycling operations are high (Niamh 2011). Cycling operations of power 

plants include. the processes of starting up, shutting down, ramping up and ramping down of the 

plants (Meibom et al. 2007; Holttinen and Pedersen 2003). Gas turbines in thermal power plants 

are more sensitive to degradation due to high cycling variability than hydro turbines. A low 

variability in the cycling processes of thermal power plants will prolong the life time of such plants 

and lead to lower costs associated with their maintenance and operations. Due to the less sensitive 

nature of hydro turbines to degradation caused high variability of cycling, hydropower systems 

will be better options to provide flexibility required to ease a large share of VRE into the power 

system. 

As energy is stored in reservoirs for hydropower generation in the form of water, the storage-

release operations of these water reservoirs can provide the flexibility needed to cope with the 

variability and uncertainty of the VRE production. In Ghana, the Akosombo HPP can be used to 

provide such flexibility. The operations of hydropower dams can for instance be optimized to 

ensure that the residual demand after VRE and hydro production, to be met with a backup 

production (such as thermal production) becomes less variable as possible. The operational rules 

have actually to account for multiple objectives. They can for instance also be optimized to ensure 

that maximum benefits are derived from the power system. They may also account for other usages 

of the water resources such as: irrigation water, environmental flows downstream the water 

reservoirs  (de Condappa et al., 2008; McCartney et al. 2012). The optimal operations required for 

the optimal management of the reservoirs are expected to depend on the temporal variability of 

input/output variables given the management constraints applying to the system. In this work, we 

explore how these optimal operations would change when introducing VRE in the energy 

production mix.  

The optimal operation is usually identified via some optimization algorithm. We here consider the 

Dynamic Programming (DP) method (Bellman 1957) to optimize the operations of the reservoir 

(François et al., 2014; Labadie, 2004; Yakowitz, 1983). The optimization requires to define some 

objective function to be maximized (or minimized). 

In the present work, we consider a very rough representation of the Akosombo dam. For instance, 

it remains unknown to the author whether the management strategy currently used for the 

operational management of the dam is obtained with some optimization process and if especially 
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it is optimized to achieve maximum economic benefits or not. We will assume that the operational 

management aims to minimize the variability of the production from backup plants available 

within the energy mix. With a higher introduction of VRE in the power system, a same objective 

function will likely lead the present storage-release strategy of Akosombo reservoir to be modified. 

 

1.2 Research Objectives 

The main objective of the study is to estimate how the massive development wind and solar power 

in Ghana could influence the storage and release operation of the Akosombo dam.  

The specific objectives of this study are: 

1. to characterize the temporal variability of the different resources that could be used for 

renewable electricity production (wind, solar, hydro). 

2. to simulate the best management strategy of the Akosombo hydropower plant reservoir for 

the present and future in a number of very simplified scenarios. 

 

 

1.3 Problem Statement 

The current electricity generation mix of Ghana is composed mainly on thermal and hydro power 

productions. Due to increasing population and economic growth, electricity demand has also risen 

a lot since the last decade and this is even expected to increase more in coming years. To meet 

increasing demands, a lot of thermal power plants have been commissioned and used to produce 

electricity leading to a lot of CO2 emissions. Also due to periodic climate variability effects, 

hydropower production has experienced shortfalls leading to decreased production in some years 

and the need for more thermal production. To meet the expected future increase in electricity 

demand, VRE can be developed in large scale to be used instead of thermal electricity production. 

VRE resources are intermittent in nature and thus will create challenges during their integration 

into national the power system. However, with the presence of a large flexibility facility in the 

power system, those challenges can be coped with. In Ghana, the Akosombo HPP is a suitable 

flexibility facility which can be used to allow integration of VRE. With the high variability of VRE 
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resources, their integration into the power system may require a change in the management 

operations of the Akosombo dam. In this study we will attempt to find the answers to the following 

questions: 

1. What is the temporal variability of VRE production in Ghana? 

2. How will the development of VRE in Ghana influence the management operations of the 

Akosombo HPP? 

 

The rest of this report is structured as follows. Chapter 2 presents the study area and the data used. 

Chapter 3 presents the methodology used for the study while Chapter 4 presents and discusses the 

results obtained in the study. Chapter 5, concludes the study and give some recommendations for 

stakeholders and future studies. 
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2 STUDY AREA AND DATA DESCRIPTION 

2.1 Overview of Study Area 

Ghana is a West African country that lies between latitude 4˚N and 11˚N and longitude 4˚W and 

2˚E. It is bounded by Togo to the east, Burkina Faso to the north, Ivory Coast to the west and the 

Atlantic Ocean to the south, and covers an area of 238,538 square kilometers (Rademacher-Schulz 

and Mahama 2012). There are currently ten administrative regional divisions in Ghana with a total 

population of about 28,000,000 in 2016 (GSS 2016) and an average annual growth rate of 2.4%. 

Ghana’s economy is driven mainly by agriculture which accounts for 75% of foreign exchange 

earnings and contributes 37% to the nation’s GDP (Armah et al. 2011). Farming is a major 

occupation for majority of people in the country with cocoa one of the much cultivated crops. 

Ghana also has mineral resources like gold, bauxite, diamond and recently have started exploration 

and production of oil.  

The climate of Ghana is tropical, influenced strongly by the West African Monsoon and 

characterized by a dry and rainy season marked by severe floods and droughts (Nkrumah et al. 

2014). The principal feature of rainfall in Ghana is its seasonal and year to year variability (Ghana 

Meteorological Agency 2017). The southern part of Ghana has a relatively longer rainy season 

than the northern part, thus creating two cropping seasons in most places in the south and one 

cropping season in the north. These seasons correspond to the northern and southern passages of 

the ITCZ across Ghana. 

For regions south of the ITCZ, the prevailing wind direction is southwesterly, blowing moist air 

from the Atlantic Ocean onto the continent while the prevailing hot and dry winds to the north of 

the ITCZ is known as the Harmattan. The Harmattan originates from the northeast, bringing in hot 

and dusty air from the Sahara Desert between December and March (Nkrumah et al. 2014). Four 

types of rainfall are recognized, although adjacent types shade into one another. No very definite 

lines of demarcation exist, as they are a consequence of the north and south movement of the ITCZ 

and its associated weather zones(Ghana Meteorological Agency 2017). Annual rainfall is highly 

variable on inter-annual and inter-decadal timescales (McSweeney et al. 2010) which means that 

there are difficulties in identifying long term trends (Nkrumah et al. 2014). 
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The average annual mean temperature is about 27 °C (Srivastava et al. 2017) and the annual range 

of mean temperatures increases from in the south to in the north. It is mainly warm and dry in the 

southeast, hot and humid in the southwest and hot and dry in the north. Average temperatures 

range between 21° and 32°C, with relative humidity between 50% and 80%. The highest 

temperature so far recorded in Ghana is 43.9°C at Navrongo in the north of the country (Ghana 

Meteorological Agency 2017).  

Ghana's topography is undulating consisting mainly of low plains but its south-central area does 

have a small plateau and highlands (Ministry of Food and Agricuture, 2011) of mean elevations 

above 800m. A large part of the Volta basin lies in Ghana covering about 45% of the country’s 

total area as shown in Fig 2.1. The Volta Basin is home to the Volta Lake on which is situated the 

Akosombo HPP. 

 

2.1.1 The Akosombo Hydropower Plant 

The Akosombo plant is a vital electricity generation unit in the power system of Ghana. It is the 

largest HPP in Ghana by capacity and size. Its construction began in 1961 when a lower section 

of the Volta River was dammed and was opened in 1965 for commercial purposes. The 

construction of the dam led to the formation of the world’s largest man-made lake by surface area 

called the Volta Lake with a surface area of 8500 km2. The Volta Lake primarily serves as a water 

reservoir for the Akosombo power plant. It also provides water for irrigation, fish farming and 

transportation.  

The reservoir is fed by water inflows from three upstream catchments: Oti, the Black and White 

Volta. It has a total storage capacity of 148 km3. By design, the minimum operating level of the 

Akosombo dam is 240 ft. above the downstream tail water whiles the maximum level is 278 ft. 

With a maximum head of 226 ft. from the level of the penstocks to the tail water level, six Francis 

turbines with a total capacity of 1020 MW are used to convert falling water into electricity. Just 

downstream of the Akosombo dam is the Kpong power plant which has a relatively low dam 

elevation. It is considered as a run-of-river hydro system and it is used to optimize water use from 

the Volta Lake (VRA, 2017). Electricity production from the Kpong plant is used to supplement 

the national power supply. 
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Different environmental and social challenges were faced in Ghana as a result of creation of the 

Volta Lake. It led to flooding of a vast area of land consequently leading to the dislocation and 

resettlement of about 80,000 people from about 740 villages (Kalitsi 2003). Positive impacts that 

arose from the lake’s creation included the wiping out of the vector of river blindness normally 

found near fast flowing rivers. The creation of the dam also enhanced commercial activities such 

as fishing and wide-ranging navigation on the lake. 

 

 

Fig 2.1: Map of Ghana and Volta Basin, also showing selected meteorological stations and 

discharge gauge points used for this study 
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2.2 Datasets Description 

Availability of high quality and continuous data is a big issue in West Africa. This sometimes 

limits and reduces the quality of research work in the region. The major sets of data used for this 

study are hydrological and meteorological data, wind and solar resource data and GIS data. These 

datasets and their sources are presented in the next sub-sections.  

 

2.2.1 Hydro-meteorological Data 

Data for inflow discharge into the Volta Lake from the Saboba, Nawuni and Bui gauging sites (see 

Fig 2.1 for gauging stations) was obtained from VBA and VRA. Daily reservoir elevations in the 

Akosombo reservoir have also been collected from the VRA and used. Some gauging stations 

present several missing data. They can be sometimes reconstructed with data from other gauging 

stations. 

Rainfall and temperature data has been obtained from the Ghana Meteorological Agency for 

stations shown on Fig 2.1. The rainfall data was used to estimate the average areal precipitation on 

Lake Volta. The temperature data have been used together with gridded temperature dataset from 

MERRA-2 reanalysis in the estimation of solar power production over Ghana. 

 

2.2.2 Wind and Solar Resource Data 

The ground measurements required to assess wind and solar energy potential are scarce and in 

West Africa. In the present work, we estimate wind and solar energy potential from pseudo-

observations of solar and wind selected at various locations in Ghana as shown in Fig 2.2. 

Pseudo-observation of wind speed at a resolution of 0.625° × 0.5° are extracted from the second 

Modern-Era Retrospective Analysis for Research and Applications (MERRA-2) dataset 

(Bosilovich et al. 2016). According to McPherson et al., 2017, several studies have validated the 

MERRA wind data against other datasets, including the National Renewable Energy Laboratory 

(Gunturu and Schlosser 2012). 
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To determine solar power production potential and variability in Ghana, we use the Solar Radiation 

Data Set - Heliosat (SARAH-2). This product is available as monthly and daily means as well as 

an instantaneous 30-minute data on a regular latitude/longitude grid with a very high spatial 

resolution of 0.05° × 0.05° (Pfeifroth et al. 2017). 

 

 

Fig 2.2: Wind and Solar data extraction locations 
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3 METHODOLOGY 

3.1 Water Inflow into Volta Lake 

Discharge time series from 1992 to 2015 for three gauging stations mentioned in Section 2.2 were 

used to estimate the inflows into the reservoir. Part of the discharge time series were missing within 

the period and were thus reconstructed using the parent-child technique. In this technique, a 

missing measurement at one point in a catchment can be reconstructed when there are 

measurements available from gauging stations upstream or downstream of that point. For a given 

time step, it can be expressed as  

 𝑄𝑝𝑎𝑟𝑒𝑛𝑡 = 𝑄𝑐ℎ𝑖𝑙𝑑 ×
𝐴𝑝𝑎𝑟𝑒𝑛𝑡

𝐴𝑐ℎ𝑖𝑙𝑑
 (3.1) 

where, 𝑄𝑝𝑎𝑟𝑒𝑛𝑡 is the discharge from the point where measurement is to be reconstructed, 𝑄𝑐ℎ𝑖𝑙𝑑 

is the discharge from the point where measurement is available, 𝐴𝑝𝑎𝑟𝑒𝑛𝑡 is the area of the 

catchment from the point where reconstruction is needed and 𝐴𝑐ℎ𝑖𝑙𝑑 is the area of the catchment 

from the point where measurement is available.  

 

Table 3.1: Locations of selected discharge gauging stations. For these estimations the surface 

areas of each catchment was determined first with ArcGIS 10.1. Mean interannual discharge 

were estimated for the period 1992 to 2011. 

Gauging 

Station Longitude Latitude Sub-basin 

Area of 

Catchment  
(𝑘𝑚2) 

Mean 

Interannual 

Discharge  
(𝑚3𝑠−1) 

Average 

Interannual Mean 

Specific Discharge  
(𝑚3𝑠−1𝑚−2) 

Bui 8.2783 −2.236 Black Volta 129606 9.4 × 104 5.23 × 10−7 

Saboba 9.7046 0.3137 Oti 54275 1.28 × 105 1.95 × 10−6 

Nawuni 9.7 −1.18 White Volta 96130 1.02 × 105 8.77 × 10−7 

` 
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The discharge into the Volta Lake from the three gauging stations selected for this study is 

presented in Table 3.1. These stations were selected because they had less missing gaps within the 

period of consideration.  

Each of the time series of discharge covers the period 1992 to 2015. However, stream flows for 

Bui shows a rather unusual and contrary to expected trend in the latter part of the time series from 

2012 to 2015 (see Fig 3.1). This situation is due to the existence of the Bui hydroelectric dam 

which became operational in 2012 and therefore affected the flows into downstream Volta basin. 

This period of perturbed behavior was thus excluded from all further analysis. To ensure temporal 

homogeneity in the assessment of all resources the period 1992 to 2011 was used in the study. 

 

Fig 3.1: Daily discharge into the Volta Lake measured from three gauging stations in the three 

main upstream catchments (1992-2015) 
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3.1.1 Mean Specific Discharge into the Akosombo Reservoir 

The discharge gauging stations are located upstream from the lake. As a result, the discharge 

observations at the upstream stations will underestimate the inflow to the lake/ reservoir. 

Therefore, an estimate of inflow discharge into the Volta is obtained with a classical scaling 

methodology based on the hypothesis that “the mean specific discharge of the full upstream Volta 

lake is equal to the mean of the specific discharges obtained from the three upstream catchments”. 

 𝑄𝑠 =∑
𝑞𝑠𝑖
𝑛

𝑛

𝑖=1

 (3.2) 

where, 𝑄𝑠 is mean Volta full upstream specific discharge and 𝑞𝑠𝑖 is specific discharge for a 

catchment. 

The water inflow to the lake was estimated from the specific discharge and the actual surface of 

the upstream catchment drained by the lake.  

The reservoir is partly fed by water inflow from riparian areas. Estimate of this contribution 

different from upstream contribution can be obtained from a similar scaling methodology. This 

was however ignored in the present study as there is not sufficient data on riparian areas and also 

the contribution from these riparian areas to the total inflow to the lake is minimal. The temporal 

structure of the inflow to the lake is the mean temporal structure obtained from the three upstream 

catchments.  

 

3.2 Determination of Solar PV Power Production Potential 

3.2.1 Solar Radiation Resource  

SARAH2 hourly Global Horizontal Irradiance (GHI), was selected for 29 grid points as shown in 

Fig 2.2. A PV panel can be fixed at angle or it can be installed to track the position of the sun. 

Fixed systems are more common in the West African region because tracking systems are more 

expensive due to the additional costs of incorporating a tracking system in a PV system’s set-up. 

For fixed PV system applications, panels must be tilted at certain inclination angle depending on 

the latitude in order to maximize the amount of irradiation received by the panel surface at a given 

point in time (Li and Lam 2007; Kehinde et al. 2016).  
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Therefore, SARAH2 GHI radiation data was converted to radiation falling on an inclined surface. 

The R package solaR developed for Radiation and Photovoltaic systems applications (Perpiñán 

2012, 2016) was used to convert GHI to solar irradiance falling on a tilted surface. In so doing, we 

tested a number of different inclination angles from 0 to 90° in steps of 5 to determine the optimum 

inclination angle for PV panels at each latitude. At each latitude, the tilt angle which receives the 

maximum irradiation was selected as the optimum. 

The optimal inclination obtained with solaR for SARAH2 data was compared with the optimal tilt 

angle given by PVGIS. The optimal angles obtained for both methods tend to agree with each 

other. They were used in the following to calculate power production by a PV panel. In all, 29 grid 

points on 6 different latitudes and different longitudinal points covering the whole Ghana territory 

were selected and used for the calculations. 

The clear sky horizontal irradiance (CS-GHI) was also computed. Different models can be used to 

estimate CS-GHI, depending on available data (Reno et al. 2012). One of the simplest models is 

Haurwitz model (Haurwitz 1945). Haurwitz model computes the CS-GHI as a function of the solar 

zenith angle, z only, and is expressed as  

 𝐺𝐻𝐼𝐶𝑆 = 1098 ∙ cos⁡(𝑧) ∙ 𝑒𝑥𝑝 (
−0.057

cos⁡(𝑧)
) (3.3) 

As with many CS-GHI models, the Haurwitz model has some uncertainties. It is essentially based 

on empirical correlations and calibration of measurements for a location and astronomical 

parameters (Reno et al. 2012). The use of the Haurwitz model (and all other simple CS-GHI 

models) in other locations will therefore introduce some uncertainties. 

 

3.2.2 Power Production Estimated with a Generic Panel 

We assume here that in each of the selected grid points (Fig 2.2), there is a generic PV module of 1 kWp 

capacity. The solar power generation at a given hour t and from a particular grid cell i depends on 

the air temperature, 𝑇𝑎 (˚C) and the effective irradiance on a tilted plane, 𝐼𝑒𝑓𝑓 (W/m2), and is given 

by the following expression (Perpiñan et al. 2007; François et al. 2016) 
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 𝑃𝑃𝑉(𝑡) =∑𝐵

𝑖

𝐼𝑒𝑓𝑓(𝑡, 𝑖)(1 − 𝜇(𝑇𝑎(𝑡, 𝑖) − 𝑇𝑐,𝑆𝑇𝐶) − 𝜇⁡𝐶⁡𝐼𝑒𝑓𝑓(𝑡, 𝑖)) (3.4) 

with B a constant production parameter, defined as the product of the surface area of the PV array 

(m2) by the generator and invertor efficiencies (%), and with 𝜇 and C respectively the temperature 

and the radiation dependent efficiency reduction factors (%). 𝑇𝑐,𝑆𝑇𝐶 (˚C) is the photovoltaic cell 

temperature corresponding to standard test conditions. 

 

3.3 Determination of Wind Power Production Potential 

3.3.1 Wind Speed Resource 

MERRA-2 wind speed data at 50m elevation (Lawrence et al. 2015; Rienecker et al. 2011) was 

selected for 8 grid points denoted by an index i, over the coastal offshore region of Ghana (see Fig 

2.2). The 50m wind speed was scaled to 80m using the Hellman exponential law. Hellman 

exponential law relates the wind speeds measured at two different heights (Bauelos-Ruedas et al. 

2011). It is given by 

 𝑣1 = 𝑣2 ⁡(
ℎ1
ℎ2
)
𝑎

 (3.5) 

where, 𝑣1 and 𝑣2 are the wind speeds at altitudes ℎ1 and ℎ2. 𝑎 is a dimensionless friction coefficient 

which is a function of topography at a specific site and frequently assumed to be 1 7⁄ .  

 

3.3.2 Power Production with a Generic Wind Turbine 

The wind power production was estimated with the power curve of a generic wind turbine. This 

wind turbine has a rated power of 1000 kW (1 MW). We assume that there is one of such wind 

turbines in each of the selected grid points. The power curve of this wind turbine is shown in Fig 

3.2. A cut-in wind speed value of 2.5 m/s starts to turn the wind turbine and begins power 

production. The maximum power production is reached after wind speeds reaches 11 m/s. The 

wind turbine has a cut-off wind speed of 25 m/s and stops working when the wind speeds reaches 

this values.  
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Fig 3.2: Power curve of Leitwind LTW77-1000 wind turbine 

 

The total daily wind power generation for all grid cells for a particular day’s average wind speed 

𝑃𝑤(𝑉𝑚) is given by the expression (François et al. 2016), 

 𝑃𝑤(𝑉𝑚) =∑∫ 𝑝𝑉𝑚

∞

0𝑖

(𝑣, 𝑖)𝑊(𝑣)⁡𝑑𝑣 (3.6) 

where, 𝑊(𝑣) is the instantaneous power production in Watts when the wind speed is v and 𝑝𝑉𝑚 is 

the probability density function of the intra-daily wind speed for a grid cell.  

The hourly power production for wind speed v, at a particular time and for a particular grid cell i, 

were calculated with the power curve of the generic wind turbine. This was done by a linear 

interpolation of the wind power that correspond to a given wind speed based on the wind power 

given for the two integers situated up and down of that wind speed. 
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 𝑃(𝑣) = 𝑝(𝑣1) + (
𝑣 − 𝑣1
𝑣2 − 𝑣1

) (𝑝(𝑣2) − 𝑝(𝑣1)) (3.7) 

where, v is the wind speed, 𝑣1 is the truncated wind speed to an integer value (trunc(v)) and 𝑣2 is 

𝑣1 + 1. 

For a particular day, the daily total production was then determined by summing productions for 

all the hours in the day. Finally, the total wind power production obtained from the coastal offshore 

Ghana is computed by summing the daily values for all grid cells.  

 

3.4 Variability and Correlation Between Resources 

The variability for each resource has been calculated for different time scales using the coefficient 

of variation (CV). The coefficient of variation (CV) has been used in several studies (François, et 

al., 2016) to analyze the relative variability between measured variables.  

For wind and solar resources, data is available in hourly time resolutions and therefore the 

coefficient of variation has been computed for the average daily cycle (intra-daily variation) and 

also for the seasonal cycle (seasonal variation). The CV for the seasonal cycle of discharge has 

also been computed and compared with wind and solar resources. 

The correlation coefficient (R) between resources has also been computed. 

 

3.5 Simulation of Management Strategy of the Akosombo Reservoir 

The operations of the Akosombo power plant needs to be optimized in order to minimized the 

variability of the residual demand (to be met by some backup production such as thermal) when 

highly variable renewable energy production is introduced in the power system. For the present 

study, a deterministic type of Dynamic Programming was used to simulate and optimize the 

operations of the Akosombo HPP’s reservoir. Description of the Dynamic Programming model 

used to simulate the operations of the Akosombo reservoir is detailed in Appendix A. 
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3.5.1 Optimal Management Strategy of Akosombo Reservoir 

A simplified representation of the Akosombo HPP reservoir system is considered in this study. 

For simplicity sake, the system considered is assumed to be mainly used for the production of 

hydroelectricity but the reservoir must at all times maintain a minimum buffer zone (minimum 

level for ecological sustainability). Also, in the conversion of stored water into energy, we assume 

that storage level (i.e. elevation) does not influence the efficiency of hydropower generation. This 

means that one cubic meter of water will produce the same amount of energy whatever the storage 

level. 

Water storage at any given time of the Akosombo dam can be expressed as  

 
𝑊𝑡+1 = 𝑊𝑡 + [𝑞𝑖𝑛 + 𝑃𝑡 − 𝐸𝑣𝑎𝑝𝑡 − 𝑞𝑜𝑢𝑡] ∙ ∆𝑡 (3.8) 

where, W (in 𝑚3) is the water storage in the Akosombo dam, 𝑞𝑖𝑛 and 𝑞
𝑜𝑢𝑡

 (in 𝑚3/𝑠) is the water 

discharge flowing into the Akosombo dam and the water release from the dam respectively, 𝑃⁡and 

𝐸𝑣𝑎𝑝 (in 𝑚3/𝑠) are the volume of water from precipitation and evaporation over the lake (see 

Appendix A for the estimation of P and Evap), ∆𝑡 is the time step from the present day (t) to the next 

day (t+1).  

To conventionally represent the Akosombo dam as a water storage system will require a detailed 

description of all technical and geometrical characteristics of the dam such was water depth to 

storage relationship, water depth dependency on efficiency of the different turbines etc. This 

information is however, not easy to obtain. When water is stored in the reservoir, energy is actually 

stored (in a different form) since this water can be readily released from the reservoir at any point 

in time to generate electricity. 

Therefore, for this study, the Akosombo reservoir is considered as an “energy storage system”, i.e. 

in this system, we have a storage of energy and not of water. This reservoir is fed by energy inflows 

from upstream water discharge in a simplified configuration where water from upstream rivers is 

instantaneously converted to energy and stored. In this analysis, a balance of energy productions 

and energy demand will be considered. It is therefore easier at this stage to convert all 

hydrometeorological variables (i.e. discharge, rainfall and evapotranspiration) to energy variables. 
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The management model can then be applied directly to these energy variables to simulate the 

optimal management operations of the reservoir. For the present study a very simplified 

representation of the characteristics of the Akosombo dam will be used to simulate its management 

strategy. A more detailed and precise representation of the dam would be worth looking at for any 

future studies. 

 The conservation equation for this energy storage system is given as  

 𝑆(𝑡 + 1) = 𝑆(𝑡) + [𝐸𝑖𝑛(𝑡) − 𝐸𝑜𝑢𝑡(𝑡)] ∙ ∆𝑡 (3.9) 

where, S is energy storage of the reservoir for a given day in kWh, 𝐸𝑖𝑛(𝑡) ⁡ ∙ ∆𝑡 is the daily energy 

input to the reservoir in kWh, 𝐸𝑜𝑢𝑡(𝑡) ∙ ∆𝑡 is the daily energy output from the reservoir in kWh i.e. 

the amount of energy released from the dam. ∆𝑡 stands for the daily time step used for all variables. 

The maximum amount of energy that can be released from the reservoir (turbine release capacity) 

in a given day is derived simply by determining the total amount of water 𝑄𝑚𝑎𝑥(𝑡), that can be 

released through the turbines assuming the Akosombo power plant runs at full capacity for 24 

hours in a given day (i.e. when 𝐸𝑚𝑎𝑥(𝑡) = 1020⁡𝑀𝑊 × 24⁡ℎ𝑜𝑢𝑟𝑠⁡[𝑀𝑊ℎ]) 

 𝐸𝑚𝑎𝑥(𝑡) = ⁡𝜌𝑔ℎ𝑄𝑚𝑎𝑥(𝑡) (3.10) 

where, 𝜌 is the density of water (in 𝑘𝑔⁡𝑚−3), 𝑔 is the acceleration due to gravity (9.8⁡𝑚⁡𝑠−2), ℎ is 

the head of water in the reservoir (in m). 

In most reservoir systems, an environmental flow regulation ensures the minimum amount water 

(energy) that can be released at a given time to ensure ecological sustainability. However, this 

value has not been found from literature on the Volta Lake and thus the minimum amount of energy 

that can be released from the Akosombo reservoir was set to the 95th percentile of the energy 

inflows into the reservoir i.e. the flow value that is below that natural flow 95% of the time.  

The release capacity and minimum releases through the turbines will be used as constraints in the 

management model. 
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In Equation 3.9, energy input to the reservoir 𝐸𝑖𝑛(𝑡) ∙ ∆𝑡, is simply derived from the amount of 

water 𝑄𝑖𝑛(𝑡) ∙ ∆𝑡, that flows into the reservoir from the upstream rivers during the time step [𝑡, 𝑡 +

∆𝑡].  

 𝐸𝑖𝑛(𝑡) = 𝜌𝑔ℎ⁡𝑄𝑖𝑛(𝑡) (3.11) 

where, 𝑄𝑖𝑛(𝑡) is obtained via the following mass conservation equation applied to the reservoir 

 𝑄𝑖𝑛(𝑡) = 𝑄(𝑡) + 𝑃(𝑡) − 𝐸𝑇(𝑡) (3.12) 

where, 𝑄(𝑡), is the inflow discharge from the upstream rivers, P(t) is the mean areal precipitation 

intensity that falls directly on the reservoir, 𝐸𝑇(𝑡) is the mean areal evaporation loss from the 

reservoir.  

As solar and wind energy are not stored, in an instance where there is very high generation from 

them, DDP will use this generation and conserve the water in the hydropower reservoir for later 

use. The conserved water will be released when there is minimal production from VRE. In a 

situation when generation from VRE is greater than the demand, the surplus energy will have to 

be wasted as there is no storage facility considered in this study.  

In the entire power system, hydro, solar and wind productions will supply a portion of the demand 

in a given day. The remaining demand is referred to as the residual to be met by a backup capacity 

(this will practically be obtained from thermal production in Ghana). Eventually, for a given time 

t (one day), backup needs are given by the equation  

 𝐵𝑎𝑐𝑘𝑈𝑝(𝑡) = 𝐿(𝑡) − {𝑃𝐻(𝑡) + 𝑃𝑃𝑉(𝑡) + 𝑃𝑊(𝑡)} (3.13) 

where 𝑃𝐻(𝑡)and 𝐿(𝑡) are the energy produced from the Akosombo HPP, the energy demand at a 

given time t. 𝑃𝑃𝑉(𝑡) and 𝑃𝑊(𝑡) are the energy generation from solar and wind respectively.  

The objective function for DDP was thus chosen accordingly to the aforementioned objective. It 

aims to minimize the squared deviation between the demand and the generation from hydro, PV 

and wind. Minimization applies to the sum of instantaneous backup power over the whole 
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simulation period (1992-2011). The objective function 𝑔, depending on energy release from the 

reservoir 𝑢𝑡𝑖, the electricity demand 𝐿𝑡𝑖 and the VRE production 𝐸𝑡𝑖 is expressed as   

 𝑔(𝑢𝑡𝑖 , 𝐿𝑡𝑖 , 𝐸𝑡𝑖) =∑{min(𝑃𝐻(𝑡) + 𝑃𝑃𝑉(𝑡) + 𝑃𝑊(𝑡) − 𝐿(𝑡),0)}2
𝑛

𝑖=1

 (3.14) 

 

3.5.1.1 Present Demand-Production Scenario 

We consider the different simplifications and hypotheses below: 

1. The mean annual energy production is equal to the mean annual demand 𝐿𝑜 for a given time 

(t) during the whole simulation period.  

The present (reference) configuration of the electricity system in Ghana for the considered period 

(i.e. 1992-2011) does not include any production from VRE sources. Therefore, 

 𝑃𝐻(𝑡) ⁡+ 𝐵𝑎𝑐𝑘𝑈𝑝(𝑡) = 𝐿𝑜(𝑡) (3.15) 

Based on available annual generation data published by the Energy Commission of Ghana (2017) 

for a 16-year period as shown in Fig 3.3, we find that electricity generation from the Akosombo 

plant accounted for an average of 57 % to the nation’s total generation for this 16-year period. For 

this reason, the proportion of hydroelectricity production in the energy mix was set in the reference 

configuration to 0.57 (57%). 
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Fig 3.3: Electricity generation in Ghana by plant (2000-2016) 

 

2. The temporal pattern of the demand is the normalized average seasonal demand cycle 

estimated from the time series of electricity demand for different mega poles of Guinean region 

(Kondi et al. 2016). 

It has a significant seasonality with lower demand in the summer period due to lower cooling 

requirements of buildings as shown in Fig 3.4. The annual demand cycle for 2016 in Ghana has 

been published by the Energy Commission of Ghana and was compared with the average seasonal 

demand cycle in the study cited above as shown in Fig 3.4. It can be seen that the seasonality of 

the demand is represented well by estimation of Kondi et al., (2016) and has therefore been adapted 

for the present study. We disregard the trend in the annual demand that would have resulted (for 

the simulation period) from population growth over the simulation period.  
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Fig 3.4: Electricity demand cycles (comparison between the 2016 actual demand cycle of Ghana 

and the average seasonal demand cycle by Kondi et al. 2016) 

 

3.5.1.2 Future Demand-Production Scenarios 

We consider a number of different scenarios for the future power system in Ghana. For future 

scenarios, we assume, 

1. No change in water inflows to the lake. 

 

2. The mean annual demand L0 is increased by n%. The new demand 𝐿𝑛𝑒𝑤will thus be the sum 

of the initial demand and the extra demand 𝐿𝑒𝑥𝑡𝑟𝑎 

 𝐿𝑛𝑒𝑤 = 𝐿𝑜 + 𝐿𝑒𝑥𝑡𝑟𝑎 (3.16) 

where, 𝐿𝑒𝑥𝑡𝑟𝑎 = 𝑛(𝐿𝑜)  
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3. The extra demand is covered with a mix solar and wind power production (VRE) in Ghana. 

Mean VRE production over the whole simulation period is such that, VRE production is equal 

to 𝐿𝑒𝑥𝑡𝑟𝑎 with % from wind and (1-)% from solar i.e.  

 𝑉𝑅𝐸 = 𝑊𝑖𝑛𝑑𝑃𝑟𝑜𝑑 + 𝑆𝑜𝑙𝑃𝑟𝑜𝑑 (3.17) 

where, 𝑊𝑖𝑛𝑑𝑃𝑟𝑜𝑑 = 𝛼(⁡𝐿𝑒𝑥𝑡𝑟𝑎) and 𝑆𝑜𝑙𝑃𝑟𝑜𝑑 = (1 − 𝛼)⁡𝐿𝑒𝑥𝑡𝑟𝑎 are the mean production from 

wind and solar for the entire simulation period. 

The production from wind for a given time t, is defined as  

 𝑃𝑊(𝑡) = ⁡𝑃𝑊𝑖
∙ (𝑡) × [𝑊𝑖𝑛𝑑𝑃𝑟𝑜𝑑/𝑚𝑒𝑎𝑛(𝑃𝑊 ∙ (𝑡))] (3.18) 

where, 𝑃𝑊 ∙ (𝑡) is the wind production time series obtained from wind turbine described in Section 

3.3 for the selected region of Ghana. We thus assume here that, the temporal fluctuation of wind 

production within each future scenario is that obtained from the computations presented in Section 

3.3. 

Similarly, the production from solar for a given time t, is defined as  

 𝑃𝑃𝑉(𝑡) = ⁡𝑃𝑃𝑉𝑖 ∙ (𝑡) × [𝑆𝑜𝑙𝑃𝑟𝑜𝑑/𝑚𝑒𝑎𝑛(𝑃𝑃𝑉 ∙ (𝑡))] (3.19) 

where, 𝑃𝑃𝑉 ∙ (𝑡) is the solar power production time series obtained from the PV module described 

in Section 3.2. We here also assume that, the temporal fluctuation of solar production within each 

future scenario is that obtained from the computations presented in Section 3.2. 

Different configurations of the power system including VRE production with different mixes of 

solar and wind were considered and simulated as future scenarios. The management of the 

reservoir was adapted and optimized with DDP with a main aim to minimize the variability of 

production from the backup power system. Table 3.2 summarizes the different future scenarios 

considered and the reference scenario. 
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Table 3.2: Description of Reference and future scenarios to be simulated with DDP 

 

Scenario 

Demand 

Increase (𝒏) 
α 

Share of Solar 

in 𝑳𝒆𝒙𝒕𝒓𝒂 (%) 

Share of Wind 

in 𝑳𝒆𝒙𝒕𝒓𝒂 (%) 

Reference 
Present 0 0 0 0 

Near-Future 

FConfg 1 0.5 0.25 75 25 

FConfg 2 0.5 0.5 50 50 

FConfg 3 0.5 0.75 25 75 

Intermediate-

Future 

FConfg 4 1 0.25 75 25 

FConfg 5 1 0.5 50 50 

FConfg 6 1 0.75 25 75 

Far-Future 

FConfg 7 2 0.25 75 25 

FConfg 8 2 0.5 50 50 

FConfg 9 2 0.75 25 75 
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4 RESULTS AND DISCUSSIONS 

4.1 Water Input and Losses from the Akosombo Reservoir 

We present in this section water inputs and losses from the Akosombo reservoir which are 

important inputs to the management model. Inputs include discharge (water inflow) and 

precipitation whiles losses include evaporation, and water extraction for irrigation and domestic 

purpose. Since these variables are just inputs for the management model, in-depth analysis on them 

have not been made. We just here give a rough description of their temporal variability. 

 

4.1.1 Water Inflows into the Reservoir 

 

Fig 4.1: Average annual mean specific discharge into the Volta Lake with 75th and 25th 

percentiles (1992 – 2011). Estimates from the discharges observations available for the 3 

upstream basins 
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The average annual cycle of estimated inflows into the Volta Lake is shown in Fig 4.1. They are 

low from January to July. They increase gradually from July after the start of the rainy season and 

reaches a maximum during the September and October months. They then drop gradually again 

reaching a low in December. 

Some years have lower inflows into the lake (Kabo-Bah et al. 2016). This was due to reduced 

rainfall levels during those years and effects of land cover and land use changes (Akpoti et al. 

2016; Obahoundje et al. 2016). 

 

4.1.2 Precipitation on the Reservoir Surface 

The average daily cycle (1992 – 2011) of precipitation recorded at the different stations around 

the lake is shown in Fig 4.2. 

 

Fig 4.2: Comparison of daily average precipitation (1992-2011) Black : weighted mean of the 

stations (Thiessen weights). 
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Four stations in the southernmost part of the country show a strongly marked bimodal profile 

unlike the stations north of the country. The Krachi station which is relatively the closest to the 

lake surface and Yendi station show slightly higher average values than the areal average 

precipitation especially during the rainy season. Table 4.1 shows the total annual average 

precipitation values of all stations and the total annual average precipitation. 

Table 4.1: Total annual average precipitation (1992-2011) 

Station Annual Precipitation (mm) 

Kete-Krachi 1326 

Abetifi 1259 

Akuse 1037 

Ho 1267 

Koforidua 1274 

Yendi 1240 

Bole 1096 

Tamale 1072 

TP areal average 1270 

 

4.1.3 Evaporation from the Reservoir Surface 

The average annual cycle of the evaporation is shown in Fig 4.3. Evaporation is maximum during 

February and March, minimum during the rainy season during July and August. the annual profile 

of evaporation follows the annual cycle of temperature (Fig 4.8), with periods of high average 

temperature also having high evaporation from the reservoir surface and vice versa.  

Losses from irrigation and domestic water extraction have not been included in the management 

model due to lack of data on them. 
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Fig 4.3: Annual cycle of evaporation from the surface of Lake Volta 

 

 

4.2 Solar Radiation and Power Production 

4.2.1 Optimum Inclination Angles for PV Modules 

For each latitude, the irradiation falling on a tilted plane has been calculated for several PV module 

inclination angles. The yearly average of daily sum of irradiation as a function of inclination angle 

at different latitudinal positions is shown in Fig 4.4 (see Appendix B1 for detailed results). A small 

difference between two inclination angles does not significantly change the mean annual 

irradiation. However, significant differences are obtained between the optimal inclination (around 

20°) and large ones (more than 100% of decrease/increase).  
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Fig 4.4: Dependence of annual average total daily irradiation on inclination angle 

The optimum tilt angle determined with solaR calculations thus tend to agree with the optimum 

angles given by the PVGIS web application (see Table 4.2 for PVGIS optimum angles) 

Table 4.2: Optimum inclination angles for different latitudes provided by PVGIS 

Lat/Lon PVGIS Optimum Inclination (°) 

10.5°/-2.4° 14 

9.5°/-2.4° 13 

8.5°/-2.4° 13 

7.5°/-2.4° 11 

6.5°/-2.4° 10 

5.5°/-2.4° 9 
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4.2.2 Spatial and Temporal Variability of Solar Radiation 

The average daily sum of irradiation per square meter (kWh/m2) was compared for each selected 

longitudinal point on a latitude. At most latitudes, longitude has very little influence on the daily 

total irradiation received on a plane (see Appendix B2 for Figures). At shorter timescales however, 

longitude is expected to have much more influence on irradiation received. 

The daily average total irradiation received at a given latitude was then computed from the 

individual longitudinal irradiation values at that latitude. In all six different irradiation time series 

were obtained for the six latitudes. These were compared as shown in Fig 4.5. The lower latitudes 

have lower irradiation values compared to the higher latitude (solid curves), but these differences 

are not very much. This is in line with the study of IRENA (2015) on the potential of solar energy 

in Ghana. These difference are likely due to meteorological and physical factors. 

 

Fig 4.5: Dependence of average total daily irradiation on latitude and comparison with clear sky 

radiation. The clear sky horizontal radiation is computed with the Haurwitz CS-model (see Section 

3.2.1 for Haurwitz model estimation) 
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In the northern hemisphere, the length of daylight period is longer during the summer and therefore 

in a clear sky atmosphere configuration where radiation only depends on astronomical effects, 

radiation received will be higher during the summer (see dashed curves on Fig 4.5). However, 

minimum radiation is observed for all latitudes during the summer months (see solid curves on Fig 

4.5). This is due to the high nebulosity due to the monsoon arrival and the high convective activity 

in this region.  

The average irradiation for the whole region show a similar temporal variation as the individual 

latitudinal irradiation variation. The maximum values were recorded in the dry months of 

November to March whiles the minimum irradiation values were recorded in the rainy season as 

shown in Fig 4.6 (red curve). For the whole region, the mean annual irradiation is 5.7 kWh/m2 and 

the standard deviation is 0.9 kWh/m2. The coefficient of variation for the considered period is 16 

%. 

 

Fig 4.6: Annual cycle of average daily sum of irradiation per square meter (kWh/m2) for Ghana 

(1991-2011) 
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The average sub-daily cycle of irradiance for the whole period considered is shown in Fig 4.7 (see 

Appendix B2 for detailed description of on sub-daily variations in all months) 

 

Fig 4.7: Average sub-daily variation of solar radiation (from bottom to top: 5th, 25th, 50th [mean], 

75th, and 95th percentiles) 

 

4.2.3 Solar Power Production 

The average yearly cycle of solar power production (kWh) over Ghana is shown in Fig 4.8. Lower 

power production values were observed during the rainy season months while the dry season 

months have higher power productions. This pattern was expected however, as from Equation 3.4, 

solar power production depends on the available solar radiation which shows similar variation 

pattern (see Fig 4.6). Hence, average sub-daily cycle of solar power production is also expected to 

follow a similar shape as shown in Fig 4.7 with higher power production during the mid-day when 

solar radiation reaching the panels is greatest and no production at night as there is no incoming 

solar radiation. For the annual cycle, the mean power production was calculated to be 4 kWh with 

a standard deviation of 0.7 kWh. Further details on the variability of the annual cycle of solar 

power production will be discussed in Section 4.4. 
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The average annual cycle of the air temperature over Ghana is shown also on Fig 4.8. The average 

air temperature in the annual cycle ranges from 24°C to 31°C is highest during the months of 

March, April and May and lowest during July and August. Very high temperatures reduce the 

efficiency of PV modules, reducing power production. However, air temperatures shown here are 

mean daily values, and therefore do not clearly show the effect of high temperatures on PV 

modules’ performance. Air temperature values at smaller time scales are likely to show the effects 

of very high temperatures on PV modules’ efficiency.  

 

Fig 4.8: Average annual cycles of solar power production (with 25th and 75th percentiles – thin 

red curves) and air temperature (with 25th and 75th percentiles – thin black curves, Temperature 

Data Source: MERRA Reanalysis) (1992-2011) 

Average annual solar power production was calculated for each year of the 1992 to 2011 period. 

It presents a rather negligible inter-annual variability (Fig 4.9). Inter-annual average solar 

production deviated between -1.5 % and 1.2 % of the mean of the period considered indicating no 

significant inter-annual variation. 
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Fig 4.9: Mean Inter-annual solar power  production 

 

 

4.3 Wind Speed Resource and Power Production 

4.3.1 Spatial and Temporal Variability of Wind Speed 

For each of the selected grid points for siting wind farms, the average annual cycle of daily mean 

wind speed is shown in Fig 4.10. All grid points exhibit similar annual cycle of mean wind speed 

with higher intensities during the rainy season while the dry months (Nov, Dec and Jan) have lower 

wind speeds. This result also indicate that average wind speeds are relatively higher on the eastern 

coast of the country. This result is in line with various studies (WWEA Technical Committee, 

2014; German Federal Ministry for Economic Affairs and Energy, 2015) The eastern coast of the 

country is therefore relatively favorable for siting wind farms.  
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Fig 4.10: Average annual cycle of daily mean wind speed at selected lat/lon locations (1992-2011) 

The average annual cycle daily mean wind speed over the whole coastal offshore region is 

presented in Fig 4.11. The mean wind speed is 4.7 m/s and the standard deviation value of 0.7 m/s 

over the average cycle.   



50 
 

 

Fig 4.11: Average annual cycle of daily mean wind speed at 80m with the 25th and 75th percentiles 

(1992-2011) 

The average sub-daily variation of wind speed over the entire region is presented in Fig 4.12. 

Lower wind speeds are observed in the late morning to midday while the intensities rise steadily 

from the late afternoon into the evening and night. Maximum power production from the wind 

turbines are thus expected to be attained during the evening and nighttime.  

It is important to note that, the average sub-daily pattern of wind speed in most months of the 

calendar year exhibits similar cycle with the exception of April, May and June. In these months, 

there is no clear sub-daily pattern of wind speeds with some days having high wind speeds in the 

evening while other days exhibit the opposite situation. This will therefore lead to a high variation 

of production within a day for those months. Detailed figures for average sub-daily wind speed 

pattern in all months and also the sub-daily pattern for some days in April, May and June are 

presented in Appendix C. 
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Fig 4.12: Average sub-daily variation of wind speed over the whole region 

 

4.3.2 Wind Power Production 

The average annual cycle of daily power production (kWh) at 80m for the whole coastal offshore 

region of Ghana is shown in Fig 4.13. Generally, lower power production values were recorded 

for days in the dry season (November, December and January) similar to Fig 4.11. Conversely, 

power productions are much higher on the average for days in the rainy season in the months of 

July to September. With one turbine in each of the 8 selected regions, the mean of total daily 

productions for the period of consideration is 31100 kWh with a standard deviation of 19900 kWh 

signifying a high variation of power production.  A high variation characterizes the average annual 

cycle of power productions with a relative percentage difference of 145 % between the maximum 

and minimum production values taking their mean as a reference. The CV of annual wind power 

production is discussed in Section 4.4. The average sub-daily pattern of wind power production is 
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expected to follow the sub-daily pattern of wind speed (see Fig 4.12) as production directly 

depends on wind speeds.  

 

Fig 4.13: Average annual cycle of wind power generation at 80m elevation with 25th and 75th 

percentiles (1992-2011) 

There is little variability in the average annual power production from one year to the other as 

shown in Fig 4.14. Changes from one year to the other are not so high as compared to the seasonal 

and intra-daily cycles which are very significant. With a mean of 31100 kWh, the average inter-

annual productions vary between minimum and maximum values of 26600 kWh and 36100 kWh. 

In terms of percentage deviations, inter-annual power productions deviated between -15 % and 15 

% of the mean of the period of consideration.  
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Fig 4.14: Inter-annual average wind power production 

 

 

4.4 Correlation Between VRE Production and Discharge into Lake 

Volta 

In Fig 4.15, we present a synthesized comparison of normalized average annual cycles of VRE 

productions (wind and solar) and the inflows to the Akosombo hydropower reservoir for the period 

1992-2011. The red and green curves show mean and percentiles (25th and 75th) of solar and wind 

power production cycles respectively and the blue curve shows the mean cycle of inflows into the 

Akosombo HPP reservoir (Lake Volta).  

On the average, solar power production remains almost the same during the whole year with just 

slight reduction in production during the rainy season. During this same period (i.e. the rainy 

season), the production from wind is very high. We show on Fig 4.15 the average annual cycle 
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and thus it is important to highlight the anti-correlation (or correlation) between wind and solar 

production but also inflows into the reservoir on different aggregation temporal scales. We use the 

correlation coefficient R, to identify the temporal opposition (or correlation) between wind and 

solar production and inflows to the reservoir. VRE production and inflows have been aggregated 

into hourly (for wind and solar only), daily, weekly, monthly and annual time scales (see Table 

4.3) 

 

Fig 4.15: Comparison of normalized average annual cycles of VRE production and inflows into 

Volta Lake (MSD) 

Solar and wind productions are anti-correlated for all aggregated timescales considered except for 

the yearly aggregations which shows a very weak correlation (0.05) between them. This shows 

that wind and solar productions are somehow complementary at the smaller time scales i.e. wind 

production can be used when solar production is minimal. Especially, it has been shown that, wind 

production is mostly high at night (in Fig 4.12) when there is no solar production. Therefore, wind 

will be used in place of solar at night. On hourly time scale, solar production has very high 

variability compared to wind production (no discharge data at hourly timescale hence this is not 

compared).  
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Table 4.3: Calculated correlation coefficients for different timescale aggregations between wind, 

solar and MSD 

  
R (in aggregated Temporal Scales) 

  
Hourly Daily Weekly Monthly Yearly 

Solar vs Wind -0.162 -0.54 -0.73 -0.84 0.05 

Solar vs MSD - -0.31 -0.38 -0.41 -0.43 

Wind vs MSD - 0.24 0.32 0.37 -0.61 

 

Seasonally, solar production has a much lower variability than wind and MSD (Mean Specific 

Discharge). This is shown by the coefficient of variation (CV) in Table 4.3. MSD shows a strong 

distinctive seasonal variation and has the highest variability (CV = 141.7%) of all resources in the 

average annual cycle due to its distinctly marked seasonal variability (Seasonal variability of MSD 

is 11 times higher than solar power production and about 3 times higher than wind power 

production). 

Annual average solar and wind power productions have a relatively small year to year variability 

compared to MSD (see Fig 4.16) which has a high inter-annual variability (Table 4.4). For 

instance, the inter-annual variability of MSD is 8 times higher than wind. 

Table 4.4: Coefficients of variation for solar and wind production and MSD 

 
CV (%) 

 
Seasonal Inter-Annual  

Solar 12.6 0.7 

Wind 40.6 6.9 

MSD 141.7 57.4 
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Fig 4.16: Normalized inter-annual variability of solar, wind and MSD (hydro) 

 

 

4.5 Management Strategy of Akosombo Hydropower Reservoir  

4.5.1 Optimizing Reservoir Operations to Minimize Residual Demand 

Variability 

The impacts of VRE production on the storage scheme of the Akosombo reservoir is presented in 

this section. First we look at optimizing the management of the reservoir to achieve the objective 

of minimizing the variability of residual demand. Secondly we look at the impacts of different 

VRE production configurations on the storage scheme of the Akosombo dam. 

4.5.1.1 Present Day Configuration (Reference Case) 

Fig 4.17 shows the electricity production and its variability in the present (reference) scenario. 

Here, the pattern of hydropower production is the same from one year to the other. This is because 



57 
 

a constant pattern of average seasonal demand (Kondi et al., 2016) was used for all years in the 

simulation period, so that the influence of increasing trend due to population growth was ignored. 

The management strategy of the reservoir was optimized such that, the variability of residual 

demand to be met by the backup production (for example gas production) is minimized. The 

variability of backup production 1 obtained after DDP optimization in the reference scenario is 

relatively smaller then hydro (Fig 4.17). Within the simulation, the CV for the backup and hydro 

productions is about 2 % and 13 % respectively. 

 

Fig 4.17: Present scenario of electricity configuration 

                                                           
1 The remaining variations are actually due to numerical constraints in the DP model, and especially the level of discretization chosen for the release 

decision (hydropower production) variable. A higher resolution for discretization for the release decisions lead to fairly constant gas production. 

However, a higher resolution increases the computation time of DDP and might have memory problems depending on the system used for the 

simulations. We therefore used here a rather rough resolution for the discretization of release decision.  
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The simulation of storage variation with optimization for the present period was compared to the 

actual storage variation of the Akosombo reservoir as shown in Fig 4.18. Here the pattern of the 

actual storage cycle measured is represented very well by the DDP simulation. The deviation 

between actual and simulated storage curves follow the fact that, contrary to DDP, the Akosombo 

reservoir’s operators did not know future river flow in advance. Also, some other uses and 

constraints of the reservoir (such as water extraction from the reservoir for irrigation, domestic 

purposes, etc.) were not included in the simulation of the management model and could have 

contributed to the deviation between actual and simulated storage curves. With optimization, it can 

be seen that, the reservoir does not reach its full capacity (i.e. 278 ft) during the period of 

simulation but also does not go lower than the minimum operating level (i.e. 240 ft). The average 

annual storage cycle simulated with DDP for the reference scenario will be compared with the 

average storage variations of different VRE configurations in the next section. 

 

Fig 4.18: Comparison of present storage variation for 1992 to 2011 (actual water levels recorded 

at the Akosombo dam vs simulated water levels with DDP optimization) 
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4.5.1.2 Future VRE Development Configurations 

For future scenarios of electricity demand and productions, we consider three main future periods; 

the near-future, intermediate future and the far future scenarios. In each of these scenarios, we 

analyze the variability of three different configurations of VRE production (see Table 3.2 for 

detailed description on these configurations).  

A combination of wind and solar production (VRE) is used to supply the increase in demand during 

the simulation period. Production from VRE actually leads to increased variability in backup 

production. This is especially true when there is a greater share of wind in the VRE production 

(see Table 4.5 for CV calculated for all scenarios). The variability of backup production even 

increases more when the proportion of VRE in the electricity system is larger (and with a greater 

share from wind production). Similarly, the variability of our flexibility power facility (hydro 

production) also increases with a greater share of wind production in the VRE production. It is 

important to note that wind production has a higher day to day variability than solar production. 

Since simulations were done at daily time steps, this result obtained shows the impact of high 

variability of wind production. For simulations at hourly time step, a similar result is expected but 

with a high share of solar production due its high sub-daily variability. 

Fig 4.19, Fig 4.20, and Fig 4.21 shows the variability of different production configurations in the 

near-future scenario. (see Appendix D for remaining figures for variabilities in the other future 

scenarios). Between hydro and gas productions, hydro presents the highest variation in all 

scenarios due to the high variability of storage-release operations of the reservoir. Among all 

scenarios, the lowest variability for hydro production is seen in the present scenario with no 

production for VRE. This is because there is no additional temporal mismatch (due to VRE 

production) to balance in the system and thus, hydro operations are optimized independently to 

minimize variability of the residual demand (or the backup). 

With DDP optimization, it is ensured that demand is always satisfied for any given day during the 

simulation period due to the use of hydro as a flexibility power source. However, in some cases 

there are days where production actually exceeds the demand. In the same scenario, a greater share 

of wind production leads to a higher percentage of days with over production in the simulation 

period as shown in Table 4.5. 



60 
 

 

Fig 4.19: Near Future VRE Scenario- Configuration 1 
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Fig 4.20: : Near Future VRE Scenario- Configuration 2 
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Fig 4.21: Near Future VRE Scenario- Configuration 3 
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Table 4.5: Calculated statistics for demand-production scenarios 

Scenario CV for Backup 

(%) 

CV for Hydro 

(%) 

Days with Unmet 

Demand (%) 

Days with Over 

Production (%) 

Present 2.12 13.047 0 0 

FConfg 1 2.110 22.842 0 0 

FConfg 2 4.106 35.064 0 0.027 

FConfg 3 11.881 46.162 0 0.479 

FConfg 4 3.404 34.890 0 0.014 

FConfg 5 18.281 53.595 0 1.342 

FConfg 6 33.015 67.018 0 6.146 

FConfg 7 15.608 55.196 0 0.808 

FConfg 8 41.066 76.133 0 9.829 

FConfg 9 55.670 90.624 0 18.056 

 

4.5.2 Impact of VRE Production on Storage Variation of the Reservoir 

To determine the impacts of VRE production on the storage variation of the reservoir, the average 

annual storage variations for all configurations in each scenario were compared with the storage 

variation for the reference scenario. Fig 4.22, Fig 4.23 and Fig 4.24 compares the annual average 

storage cycles of the near (50 % increase), intermediate (100 % increase) and far (200 % increase) 

futures respectively with the present state. 

Generally, the seasonality of storage is not significantly affected with VRE production in all 

scenarios. The annual cycle of the storage cycle is rather fully determined by the seasonality of 

hydrological inflows. However, the far (extreme) future scenario with a 200 % increase in demand 

(configurations with higher wind share), shows just slightly shifting seasonal storage variation. 
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This suggests that an even bigger VRE generation (for example 400 % with a higher share from 

wind production) may significantly change the storage cycle. 

In all cases, with a higher share of wind production, the peak of the annual storage cycle (occurring 

at the end of the rainy season) is increased compared to the reference scenario. This is because 

during the rainy season which is also the inflow season for the reservoir, there is a higher 

production from wind power (see Fig 4.15) and thus less water is released from the dam to produce 

electricity leading to the slightly higher levels after the inflow season (relative to the present-no-

VRE scenario). The level of increase in the peak is higher with a higher VRE generation (i.e. 

increase in peak of storage cycle in near future scenario < intermediate future scenario < far future 

scenario). A theoretical implication for this is that, the higher reservoir level during the peak 

months may potentially lead to an increase risk of flooding. 

The impact of having a greater percentage of solar production in the VRE mix on the storage cycle 

is however not significantly pronounced. In all cases, the seasonality of storage would be roughly 

conserved, whatever the share of wind + solar in the mix. 
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Fig 4.22: Impact of VRE production on storage cycle- Near future scenario: extra demand = 50%; 

FConfg 1: wind = 12.5%; FConfg 2: wind = 25%; FConfg 3: wind = 37.5% 
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Fig 4.23: Impact of VRE production on storage cycle- Intermediate future scenario: extra demand 

= 100%; FConfg 1: wind = 25%; FConfg 2: wind = 50%; FConfg 3: wind = 75% 
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Fig 4.24: Impact of VRE production on storage cycle- Far future scenario: extra demand = 200%; 

FConfg 1: wind = 50%; FConfg 2: wind = 100%; FConfg 3: wind = 150%  
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5 CONCLUSION AND RECOMMENDATIONS 

Various studies on Variable Renewable Energy (VRE) potential assessment in Ghana normally 

analyze the availability of the resource in a location. The present study however goes a step further 

to estimate the actual power that can be produced from the available resource and its temporal 

variability. Integration of VRE in any power system will create major temporal mismatch between 

demand and production hence the need for another power system that is flexible enough to balance 

the mismatch. In Ghana the Akosombo hydropower system can be used for such a purpose. The 

main contribution of this study is to determine the impacts of VRE integration on management 

strategy of the Akosombo HPP.   

Regional VRE production was estimated from the mean production of a number of generic 

solar/wind farms. For solar, those farms were distributed homogeneously over the whole Ghanaian 

territory. For wind, 8 different grid locations in the coastal offshore region were selected. For each 

farm, solar power production was obtained from solar radiation data of the SARAH2 for a generic 

PV module and wind power production, from MERRA-2 reanalysis wind dataset for a generic 

wind turbine. Power production for both solar and wind was found to be very variable at different 

time scales but for all further analysis in this study, daily time steps were considered. Relative to 

solar power, wind power production was found to have the highest variability at daily time scale 

with a CV of 41% for its average annual cycle against 13% for solar.  

The high day-to-day variability of VRE production in Ghana means that, their integration into the 

power system requires a major flexible system to balance the temporal fluctuations that will be 

introduced in supply. The Akosombo HPP will be a suitable system to ease the integration of VRE 

into Ghana’s electricity. Integration of VRE while using the Akosombo dam as adapt to the 

temporal mismatch between demand and supply that will be created, is thus expected to have an 

impact of the storage cycle of the dam. It was seen that, a greater share of wind power in the total 

VRE mix will have a much more pronounced impact on the storage cycle due to more variability 

in wind power production than solar. This impact on the storage cycle is rather minimal when the 

total share of VRE supplying the total load is small. However, with a higher percentage of VRE 

supplying the national demand, the impact will be much more pronounced. A risk of flooding 
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during the peak months of reservoir water level is thus increased in such an instance. There is a 

need for future studies to investigate potential for flooding during VRE integration. 

In a nutshell, the studied revealed that, VRE can be developed on a large scale in Ghana. Their 

integration into the power system can be done with flexible operations of production facilities such 

as the Akosombo hydropower plant. In the case of the Akosombo plant, its operations can be 

optimized with an optimization scheme such as Dynamic Programming to ensure that some 

objective function is achieved (for this study, variability of residual demand was minimized with 

DDP). 

After the findings of this study, the following recommendations are given: 

For policy makers and stakeholders 

i. There is potential for VRE in Ghana and thus stakeholders must invest in developing 

more solar and wind power generators in the country.  

ii. Managers and operators of the HPP’s in Ghana should consider using predictions of 

water inflows into plants’ reservoirs to optimize the long term power production from 

these plants in order to achieve maximum benefits from the power system. 

 

For further research 

i. The present study did not consider how climate change will influence future inflows 

into the dam, VRE production and electricity demand (for future scenarios). Future 

studies should thus consider how climate change could modify the availability of 

resources and their variabilities and how electricity will also change in future. 

ii. A simple representation and configuration of the Akosombo dam system was used in 

the present study. A more precise and detailed representation of the system and its 

constraints should thus be considered in future studies (especially need to account for 

the upstream dams which also produce hydroelectricity). The objective function was to 

minimize the variability of the backup production which are practically obtained from 

thermal power productions and other HPPs. These plants also can provide some 

flexibility has also some flexibility. They should be considered in future studies.  
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7 Appendices 

7.1 Appendix A 

Description of Dynamic Programming  

Dynamic programming (DP) is an optimization method developed by Bellman (1957). For a given 

planning horizon (ti, tN), DP aims either to maximize or to minimize an objective function 

according a set of constraints. Since the first developments by Bellman (1957), DP has been 

applied for a large variety of applications whose water resource management is one of the main 

(Yakowitz 1992; Labadie 2004). In water resource management, common objective functions are 

income from hydropower generation and / or from agriculture crops; and / or any indicator of the 

satisfaction of water needs downstream the dam or the recreational activities on the lake. DP holds 

on the principle of optimality (Bellman, 1957): whatever the initial state is, remaining decisions 

must be optimal with regard the state following from the first decision. In other, principle of 

optimality implies that a combination of optimal decisions leads to the optimal system trajectory. 

In DP, optimal decisions are defined as the ones that maximize (or minimize) the immediate 

income (related to the immediate use of water) with the income that would be obtained from the 

state following the immediate decision.  

DDP is composed by two stages: an optimization stage and a simulation stage. The optimization 

stage consists at computing the so-called Bellman Values (hereafter denoted as F). For a given 

storage state and a given time, Bellman Values represents the expected future incomes up to the 

planning horizon (for Stochastic Dynamic Programing) or the best future income that could be 

obtained (for Deterministic Dynamic Programming). They are obtained from a backward recursive 

calculation from the future benefits (Equation 7.1). 

 𝐹𝑡𝑖(𝑆𝑡𝑖) = [𝑔(𝑢𝑡𝑖 , 𝑆𝑡𝑖 , 𝑡𝑖) + 𝐹𝑡𝑖+1(𝑆𝑡𝑖+1)] (7.1) 

where 𝑢𝑡𝑖 is release discharge from the reservoir (operational decision variable) at a given time 

step, St is the storage level at time t,  Ft(St) is the Bellman Value for the storage level St at time t. 
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The function g represents the immediate income linked with the immediate use of water. In this 

work, we consider Deterministic Dynamic Programming;   

Depending on the considered system and considered objective function, g may depend on u, S and 

time t. The state and decision variables are the major constraints for this DDP algorithm and they 

are such that 

 𝑆𝑚𝑖𝑛 ≤ 𝑆𝑡𝑖 ≤ 𝑆𝑚𝑎𝑥 (7.2) 

and, 

 𝑢𝑚𝑖𝑛 ≤ 𝑢𝑡𝑖 ≤ 𝑢𝑚𝑎𝑥 (7.3) 

where, 𝑆𝑚𝑖𝑛 and 𝑆𝑚𝑎𝑥 are the minimum and maximum operating levels for the reservoir while 

𝑢𝑚𝑖𝑛 and 𝑢𝑚𝑎𝑥 are the minimum and maximum bounds for release discharges respectively. 𝑢𝑚𝑎𝑥 

is the total volume of energy that can be generated if the plant runs at full capacity during 24 hours 

i.e. Q (in energy units) in Equation 7.4. 

 𝐻𝑝 = 𝜌 ∙ ℎ ∙ 𝑄 ∙ 𝑔 (7.4) 

where 𝐻𝑝 is hydropower generation, 𝜌 is the density of water and ℎ is the head of water in the 

reservoir. Following Francois et al, 2017, 𝑢𝑚𝑖𝑛 is set to the second percentile of the inflow volume 

into the reservoir. This value is then converted to energy using the hydroelectricity generation 

equation. 

The future storage at time 𝑡𝑖+1 is given as: 

 𝑆𝑡𝑖+1 = 𝑆𝑡𝑖 + 𝑞𝑡𝑖 − 𝑢𝑡𝑖 − 𝑜𝑡𝑖 (7.5) 

Where, 𝑞𝑡𝑖 is the inflow to the reservoir between the present and future period [𝑡𝑡 and 𝑡𝑡+1], 𝑜𝑡𝑖 is 

the losses from the reservoir in the form of evaporation, water extraction etc.  

Bellman Values at the end of the planning horizon 𝑡𝑁  are required to solve the backward recurrence 

in equation 1. We estimate 𝐹𝑡𝑁(𝑆) following François et al., 2014 and François et al., 2015, i.e. by 

first initializing the values as 0, whatever the reservoir level so that the Bellman values at 𝑡𝑁 are 

not influenced by the boundary conditions. The backward recurrence is solved for the entire 

planning horizon (i.e. 20 years). The optimization stage is then repeated a second time with new 

initial Bellman Value at 𝑡𝑁   as equal to the climatological average as obtained at this calendar date 

during the first backward recurrence. In the case of this study, Bellman values have been estimated 

at 50 storage states uniformly distributed between the maximum and minimum bounds of the 



79 
 

Akosombo reservoir. For a storage level between the initialized storage states, the Bellman value 

is determined using a cubic spline interpolation technique. 

Once the Bellman Values are known for the entire planning horizon, it is possible, from a given 

initial storage level, to simulate the release operations that maximize (or minimize, depending on 

the considered objective function g) the objective function. This is done by solving the forward 

recursive calculation also expressed in Equation 4.9. This stage is the so-called simulation stage.  

 

Estimation of precipitation and evaporation from the reservoir surface 

The Thiessen Polygon (TP) technique (Ly and Degre 2011; Olawoyin and Acheampong 2017) was 

used to find the areal average precipitation on the Volta Lake surface. The average depth of rainfall 

(𝑃𝑎𝑣𝑒) over the entire water body is estimated as:  

 𝑃𝑎𝑣𝑒 =
∑𝐴𝑖𝑃𝑖
∑𝐴𝑖

 (7.6) 

Where 𝐴𝑖 is the area of influence for a given gauge and 𝑃𝑖 the precipitation from a given gauge 

station. The area of influence for each station has been determined with ArcGIS. For this study, 

the average areal rainfall over the Volta Lake was computed from eight rain gauge stations as 

shown in Figure 4.1 using the Thiessen Polygon technique. The surface area of the lake was 

determined to be 7864km2 from the shapefile of the Volta Lake obtained from Ghana hydro 

database. The area of influence by each of these stations was determined with ARCGIS 10.1. 

The different stations with their lat/lon locations, areas of influence on the Volta Lake and weights 

for TP interpolation are given in Table 7.1.   
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Table 7.1: Thiessen weights of rain gauge stations around the Volta Lake 

Rain Gauge 

Station 

Latitude (°) Longitude (°) Area of Influence (km2) Weight 

Abetifi 6.0903 0.1235 597 0.08 

Ho 6.6101 0.4785 1812 0.23 

Yendi 9.4450 -0.0093 40 0.01 

Tamale 9.4329 -0.8485 631 0.08 

Koforidua 6.0784 -0.2714 205 0.03 

Kete-Krachi 7.8014 -0.0513 4144 0.53 

Akuse 6.0903 0.1235 377 0.05 

Bole 9.0322 -2.4851 57 0.01 

 

Evaporation from the lake surface was estimated using a method proposed by Linacre (1993). As 

used by Pimenta and Assireu (2015), this method requires inputs of air temperature (T), dew point 

temperature (𝑇𝑑), solar irradiance (𝐼𝑠), wind speed (u) and elevation (z). It is given as: 

 𝐸𝑖 = (0.015 + 0.00042𝑇𝑖 + 10−6𝑧)[0.8𝐼𝑠𝑖 − 40 + 2.5𝐹𝑢𝑖(𝑇𝑖 − 𝑇𝑑𝑖)] (7.7) 

Where, 𝐸𝑖 is the evaporation from the lake surface in a given day (𝑚𝑚⁡𝑑𝑎𝑦−1), F is a correction 

factor for the local attitude and is given by  

 𝐹 = 1 − 8.7 × 10−5𝑧 (7.8) 

Linacre, (1999) proposed an empirical method to calculate the dew point temperature using the 

daily extreme temperatures (i.e. maximum and minimum temperatures of the day). This 

relationship has been tested and validated in a wide range of places around the world and has been 

observed to on the average, give values which are very close to actual values. It is given as  

 𝑇𝑑𝑖 = 0.38⁡𝑇𝑥𝑖 − 0.018⁡𝑇𝑥𝑖
2 + 1.4⁡𝑇𝑛𝑖 − 5 (7.9) 

where ⁡𝑇𝑥𝑖 ⁡and ⁡𝑇𝑛𝑖 are the maximum and minimum temperatures respectively for a given day. For 

the computation of evaporation from the lake, data measured and extracted from the location of 

the Kete-Krachi station shown in Fig 2.1 has been used. This station has been chosen because 

among all stations for which data has been obtained for, it is the closest to the lake surface.   
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7.2 Appendix B1 

Tables for yearly average irradiance as a function different tilt angles i.e. determining optimal tilt 

angles. 

 

Table 7.2: Irradiance as a function of inclination at Lat 5.5 

Tilts Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly Average 

0 5.81 5.92 5.69 5.65 5.23 4.46 4.42 4.37 4.48 5.08 5.62 5.6 5.19 

5 6.04 6.06 5.72 5.59 5.11 4.35 4.33 4.31 4.47 5.15 5.8 5.85 5.23 

10 6.24 6.16 5.71 5.5 4.97 4.23 4.21 4.23 4.44 5.19 5.95 6.06 5.24 

15 6.4 6.24 5.68 5.38 4.81 4.08 4.07 4.14 4.39 5.21 6.06 6.23 5.22 

20 6.52 6.27 5.62 5.24 4.63 3.92 3.92 4.03 4.33 5.2 6.14 6.37 5.18 

25 6.6 6.27 5.54 5.07 4.42 3.74 3.75 3.9 4.24 5.16 6.18 6.47 5.11 

30 6.65 6.24 5.42 4.88 4.2 3.56 3.58 3.75 4.14 5.1 6.19 6.53 5.02 

35 6.66 6.18 5.28 4.66 3.97 3.37 3.4 3.6 4.03 5.02 6.17 6.56 4.91 

40 6.62 6.08 5.11 4.43 3.72 3.16 3.22 3.44 3.89 4.91 6.11 6.55 4.77 

45 6.45 5.78 4.7 3.91 3.19 2.74 2.82 3.1 3.59 4.63 5.9 6.42 4.43 

50 6.45 5.78 4.7 3.91 3.19 2.74 2.82 3.1 3.59 4.63 5.9 6.42 4.43 

55 6.3 5.58 4.47 3.63 2.91 2.53 2.62 2.92 3.42 4.46 5.74 6.29 4.24 

60 6.12 5.36 4.21 3.33 2.63 2.31 2.42 2.73 3.24 4.26 5.55 6.14 4.03 

65 5.9 5.1 3.94 3.03 2.36 2.12 2.23 2.55 3.05 4.05 5.33 5.94 3.8 

70 5.65 4.82 3.65 2.72 2.1 1.95 2.06 2.36 2.85 3.82 5.08 5.71 3.57 

75 5.37 4.52 3.35 2.42 1.9 1.88 1.95 2.18 2.64 3.57 4.81 5.45 3.34 

80 5.05 4.18 3.03 2.12 1.82 1.84 1.9 2.04 2.43 3.3 4.5 5.16 3.11 

85 4.71 3.83 2.7 1.91 1.79 1.79 1.85 1.95 2.21 3.03 4.18 4.83 2.9 

90 4.34 3.46 2.36 1.8 1.75 1.74 1.8 1.88 2.02 2.74 3.83 4.48 2.68 
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Table 7.3: Irradiance as a function of inclination at Lat 6.5 

Tilts Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly Average 

0 5.91 6.09 5.97 5.95 5.72 4.98 4.60 4.35 4.60 5.30 5.73 5.58 5.40 

5 6.16 6.25 6.01 5.89 5.59 4.85 4.50 4.29 4.59 5.38 5.93 5.83 5.44 

10 6.38 6.38 6.01 5.80 5.42 4.69 4.37 4.22 4.57 5.44 6.10 6.05 5.45 

15 6.57 6.47 5.99 5.68 5.23 4.52 4.23 4.13 4.52 5.47 6.23 6.24 5.44 

20 6.71 6.52 5.93 5.53 5.02 4.32 4.07 4.01 4.45 5.47 6.33 6.39 5.39 

25 6.81 6.53 5.84 5.35 4.77 4.11 3.89 3.89 4.37 5.44 6.38 6.50 5.32 

30 6.87 6.51 5.72 5.14 4.52 3.89 3.70 3.75 4.26 5.38 6.41 6.58 5.23 

35 6.90 6.45 5.58 4.91 4.26 3.66 3.52 3.60 4.14 5.30 6.39 6.61 5.11 

40 6.88 6.35 5.40 4.66 3.97 3.42 3.32 3.44 4.00 5.19 6.35 6.61 4.97 

45 6.82 6.22 5.20 4.39 3.67 3.16 3.11 3.28 3.84 5.06 6.26 6.57 4.80 

50 6.72 6.05 4.97 4.11 3.36 2.91 2.89 3.10 3.67 4.90 6.14 6.49 4.61 

55 6.57 5.85 4.72 3.81 3.04 2.66 2.68 2.92 3.49 4.72 5.98 6.38 4.40 

60 6.39 5.62 4.45 3.49 2.73 2.41 2.47 2.74 3.29 4.51 5.80 6.22 4.18 

65 6.18 5.36 4.16 3.17 2.42 2.18 2.27 2.55 3.09 4.28 5.57 6.03 3.94 

70 5.92 5.06 3.85 2.84 2.14 1.98 2.09 2.36 2.87 4.04 5.32 5.81 3.69 

75 5.63 4.74 3.52 2.51 1.90 1.88 1.97 2.18 2.65 3.77 5.04 5.55 3.45 

80 5.30 4.40 3.18 2.20 1.80 1.84 1.91 2.03 2.42 3.49 4.73 5.25 3.21 

85 4.95 4.03 2.82 1.94 1.77 1.81 1.87 1.93 2.19 3.19 4.39 4.93 2.98 

90 4.56 3.63 2.46 1.82 1.75 1.77 1.81 1.87 1.97 2.88 4.02 4.58 2.76 
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Table 7.4: Irradiance as a function of inclination at Lat 7.5 

Tilts Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly Average 

0 6 6.18 6.01 5.97 5.72 5.04 4.51 4.23 4.44 5.11 5.51 5.54 5.36 

5 6.28 6.36 6.06 5.92 5.59 4.91 4.41 4.18 4.44 5.2 5.71 5.8 5.41 

10 6.52 6.5 6.08 5.83 5.43 4.75 4.3 4.11 4.42 5.26 5.88 6.03 5.43 

15 6.73 6.61 6.06 5.71 5.24 4.57 4.16 4.02 4.38 5.29 6.01 6.22 5.42 

20 6.89 6.67 6.01 5.57 5.03 4.37 4.01 3.92 4.32 5.29 6.11 6.38 5.38 

25 7.01 6.7 5.92 5.39 4.79 4.16 3.84 3.8 4.24 5.27 6.17 6.5 5.31 

30 7.09 6.68 5.81 5.19 4.54 3.94 3.66 3.67 4.14 5.22 6.2 6.58 5.23 

35 7.12 6.63 5.66 4.96 4.28 3.71 3.49 3.53 4.02 5.14 6.19 6.62 5.11 

40 7.11 6.54 5.49 4.71 4 3.46 3.3 3.38 3.89 5.04 6.15 6.62 4.97 

45 7.06 6.41 5.28 4.44 3.7 3.21 3.1 3.22 3.75 4.92 6.07 6.58 4.81 

50 6.97 6.24 5.06 4.16 3.39 2.94 2.9 3.06 3.58 4.77 5.96 6.5 4.63 

55 6.83 6.04 4.8 3.86 3.07 2.7 2.69 2.89 3.41 4.6 5.81 6.39 4.42 

60 6.65 5.8 4.52 3.54 2.76 2.44 2.5 2.71 3.23 4.4 5.64 6.23 4.2 

65 6.42 5.53 4.23 3.21 2.45 2.21 2.3 2.53 3.04 4.18 5.43 6.04 3.96 

70 6.16 5.23 3.91 2.88 2.16 2 2.13 2.35 2.83 3.95 5.19 5.82 3.72 

75 5.86 4.9 3.57 2.54 1.9 1.87 2 2.18 2.62 3.69 4.92 5.56 3.47 

80 5.53 4.54 3.22 2.22 1.77 1.84 1.94 2.02 2.4 3.42 4.62 5.26 3.23 

85 5.16 4.16 2.85 1.94 1.74 1.81 1.89 1.91 2.18 3.14 4.3 4.93 3 

90 4.76 3.75 2.48 1.78 1.72 1.77 1.83 1.84 1.96 2.84 3.95 4.58 2.77 

 

 

 

 

 

 



84 
 

 

Table 7.5: Irradiance as a function of inclination at Lat 8.5 

Tilts Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly Average 

0 6.18 6.45 6.3 6.19 6.01 5.38 4.84 4.57 4.95 5.74 6 5.91 5.71 

5 6.5 6.66 6.36 6.14 5.88 5.24 4.73 4.51 4.95 5.86 6.25 6.22 5.78 

10 6.77 6.83 6.38 6.05 5.71 5.07 4.61 4.44 4.94 5.95 6.47 6.5 5.81 

15 7 6.95 6.37 5.93 5.51 4.87 4.46 4.34 4.89 6 6.64 6.73 5.81 

20 7.19 7.04 6.32 5.78 5.28 4.65 4.29 4.22 4.82 6.02 6.77 6.92 5.78 

25 7.33 7.08 6.24 5.6 5.02 4.41 4.1 4.09 4.73 6 6.87 7.07 5.71 

30 7.42 7.07 6.12 5.38 4.75 4.16 3.9 3.94 4.62 5.96 6.92 7.18 5.62 

35 7.47 7.03 5.97 5.14 4.47 3.9 3.7 3.78 4.49 5.87 6.93 7.24 5.5 

40 7.47 6.94 5.79 4.88 4.16 3.63 3.48 3.61 4.33 5.76 6.89 7.25 5.35 

45 7.43 6.81 5.57 4.6 3.84 3.34 3.26 3.43 4.16 5.62 6.82 7.22 5.18 

50 7.33 6.64 5.33 4.3 3.5 3.04 3.02 3.25 3.97 5.44 6.7 7.14 4.97 

55 7.2 6.43 5.06 3.98 3.16 2.76 2.79 3.05 3.77 5.24 6.54 7.02 4.75 

60 7.01 6.18 4.76 3.64 2.81 2.48 2.56 2.85 3.55 5.01 6.35 6.86 4.5 

65 6.78 5.89 4.44 3.29 2.47 2.2 2.33 2.64 3.32 4.75 6.11 6.65 4.24 

70 6.51 5.57 4.09 2.93 2.15 1.96 2.13 2.43 3.07 4.46 5.84 6.4 3.96 

75 6.19 5.22 3.73 2.57 1.86 1.8 1.97 2.23 2.82 4.16 5.53 6.11 3.68 

80 5.84 4.83 3.35 2.22 1.69 1.77 1.9 2.05 2.55 3.83 5.19 5.78 3.42 

85 5.45 4.42 2.95 1.9 1.65 1.74 1.85 1.91 2.29 3.48 4.82 5.41 3.16 

90 5.03 3.98 2.54 1.71 1.64 1.71 1.81 1.84 2.02 3.11 4.42 5.01 2.9 

 

 

 

 

 

 

 



85 
 

 

Table 7.6: Irradiance as a function of inclination at Lat 9.5 

Tilts Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly Average 

0 6.19 6.54 6.46 6.32 6.08 5.53 5.01 4.64 5.14 5.91 6.05 5.99 5.82 

5 6.52 6.77 6.53 6.27 5.95 5.38 4.9 4.59 5.15 6.04 6.32 6.33 5.9 

10 6.81 6.96 6.57 6.19 5.79 5.21 4.77 4.51 5.14 6.14 6.55 6.62 5.94 

15 7.05 7.1 6.57 6.07 5.6 5.01 4.61 4.42 5.1 6.2 6.74 6.88 5.95 

20 7.25 7.2 6.53 5.92 5.37 4.79 4.44 4.3 5.03 6.23 6.9 7.09 5.92 

25 7.4 7.25 6.45 5.74 5.12 4.54 4.24 4.17 4.94 6.22 7 7.26 5.86 

30 7.5 7.26 6.33 5.53 4.85 4.28 4.03 4.02 4.82 6.18 7.07 7.38 5.77 

35 7.56 7.22 6.18 5.28 4.56 4.02 3.81 3.85 4.69 6.1 7.09 7.46 5.65 

40 7.57 7.14 6 5.02 4.26 3.73 3.59 3.67 4.53 5.99 7.07 7.49 5.5 

45 7.53 7.02 5.78 4.73 3.93 3.43 3.35 3.49 4.35 5.84 7 7.46 5.33 

50 7.44 6.85 5.53 4.42 3.59 3.12 3.1 3.29 4.15 5.67 6.9 7.4 5.12 

55 7.3 6.64 5.25 4.09 3.24 2.82 2.85 3.09 3.93 5.46 6.75 7.28 4.89 

60 7.12 6.39 4.94 3.74 2.89 2.53 2.6 2.88 3.7 5.22 6.55 7.12 4.64 

65 6.89 6.1 4.61 3.38 2.54 2.23 2.36 2.66 3.45 4.95 6.32 6.91 4.37 

70 6.62 5.78 4.25 3.01 2.2 1.97 2.13 2.44 3.19 4.65 6.05 6.65 4.08 

75 6.3 5.42 3.87 2.64 1.89 1.77 1.94 2.23 2.92 4.33 5.74 6.36 3.78 

80 5.95 5.02 3.47 2.27 1.69 1.73 1.85 2.03 2.64 3.99 5.4 6.02 3.5 

85 5.56 4.6 3.05 1.93 1.63 1.71 1.81 1.88 2.35 3.62 5.02 5.64 3.23 

90 5.13 4.15 2.63 1.7 1.62 1.68 1.77 1.79 2.07 3.24 4.61 5.23 2.97 
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Table 7.7: Irradiance as a function of inclination at Lat 10.5 

Tilts Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly Average 

0 6.47 6.81 6.69 6.34 6.1 5.69 5.28 4.88 5.46 6.22 6.42 6.34 6.06 

5 6.47 6.81 6.69 6.34 6.1 5.69 5.28 4.88 5.46 6.22 6.42 6.34 6.06 

10 6.76 7.01 6.73 6.26 5.94 5.5 5.14 4.8 5.46 6.34 6.68 6.66 6.11 

15 7.01 7.16 6.74 6.15 5.74 5.29 4.97 4.7 5.42 6.41 6.89 6.93 6.12 

20 7.21 7.28 6.71 6.01 5.51 5.05 4.77 4.58 5.35 6.45 7.06 7.16 6.09 

25 7.37 7.34 6.63 5.83 5.26 4.78 4.56 4.43 5.26 6.45 7.19 7.34 6.04 

30 7.48 7.36 6.52 5.62 4.98 4.5 4.32 4.27 5.13 6.41 7.27 7.48 5.95 

35 7.55 7.33 6.37 5.38 4.68 4.21 4.07 4.09 4.99 6.33 7.3 7.57 5.82 

40 7.56 7.26 6.19 5.11 4.37 3.9 3.81 3.9 4.82 6.22 7.29 7.6 5.67 

45 7.53 7.14 5.97 4.82 4.04 3.58 3.54 3.69 4.63 6.08 7.24 7.59 5.49 

50 7.45 6.98 5.71 4.51 3.69 3.24 3.26 3.48 4.41 5.89 7.13 7.53 5.27 

55 7.32 6.78 5.43 4.18 3.32 2.91 2.96 3.25 4.18 5.68 6.99 7.42 5.03 

60 7.14 6.53 5.11 3.83 2.96 2.59 2.68 3.02 3.92 5.43 6.8 7.27 4.77 

65 6.92 6.24 4.77 3.47 2.6 2.26 2.4 2.77 3.66 5.15 6.56 7.06 4.49 

70 6.65 5.92 4.4 3.09 2.24 1.97 2.13 2.53 3.37 4.85 6.29 6.81 4.19 

75 6.34 5.55 4 2.71 1.91 1.73 1.91 2.29 3.08 4.51 5.97 6.52 3.88 

80 5.98 5.16 3.59 2.33 1.67 1.66 1.78 2.06 2.77 4.15 5.62 6.18 3.58 

85 5.59 4.73 3.16 1.97 1.6 1.65 1.75 1.88 2.45 3.77 5.23 5.8 3.3 

90 5.17 4.27 2.72 1.71 1.59 1.64 1.72 1.78 2.13 3.37 4.81 5.39 3.03 
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7.3 Appendix B2 

Additional figures 

 

Fig 7.1: Dependence of solar radiation on longitude 

Fig presents the average sub-daily cycle of irradiance in each month (deep solid red curve). The 

irradiation is maximum at mid-day but rises steadily from zero at sunrise and falls back to zero 

during sunset. It remains zero throughout the night. Maximum electricity production is thus 

expected at mid-day when the incoming radiation is highest. Fig also presents the average intra-

daily cycle of CS irradiance. During some months, CS irradiance was slightly lower than the 

measured GHI of SARAH2 which is theoretically not possible. However, it must be noted that, 

both irradiance time series are model outputs (SARAH2 models radiation from satellite 

measurements) and therefore have a number of uncertainties. Also, both time series were averaged 

over the whole study area and possibly could lead to some misrepresentations. 
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Fig 7.2: Average sub-daily variation (1992-2011) of solar irradiation for all months. [SARAH2 

GHI – red curves: Mean (deep red curve) with 5th, 25th 75th and 95th percentiles (dashed red 

curves) and max and min curves (light red curves). Haurwitz CS GHI – yellow curve] 
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The cumulative distributive function for solar radiation in Ghana is shown below 

 

Fig 7.3: CDF of solar radiation for all latitudes 

 

 

Fig 7.4: CDF of average solar radiation in Ghana 
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7.4 Appendix C 

 

 

Fig 7.5: : Average sub-daily variation (1992-2011) of wind speed for all months with 25th and 

75th percentiles 
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Fig 7.6: Varying patterns intra-daily wind speed of selected days in April, May and June 

 

The hourly wind speed distribution at 80m in each of the selected grid cells are presented in Fig 

7.7. Generally, the wind speeds are not so high which is unfavorable for a massive implementation 

of wind farm projects. Average wind speeds range between 4 to 6 m/s across all selected locations. 

In terms of power production from the selected turbine, this means that, the 1 MW rated power of 

the turbine, cannot be attained during most of the time. However, according to Ministry of Energy, 

actual measurement of wind speed carried out at some specific areas indicate higher daily mean 

wind speeds of between 6.4 to 8.8 m/s (IRENA, 2015). 
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Fig 7.7: Hourly 80m wind speed distribution at selected lat/lon locations (1992–2011  
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7.5 Appendix D 

Additional figures for future VRE configurations 

 

Fig 7.8: Intermediate-Future VRE Scenario- Configuration 4 

 

Fig 7.9: Intermediate-Future VRE Scenario- Configuration 5 
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Fig 7.10: Intermediate-Future VRE Scenario- Configuration 6 

 

 

Fig 7.11: Far-Future VRE Scenario- Configuration 7 
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Fig 7.12: Far-Future VRE Scenario- Configuration 8 

 

 

Fig 7.13: Far-Future VRE Scenario- Configuration 9 


